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Spartina alterniﬂoraA study quantifying the effect of NaCl on growth and Cd accumulation of Spartina alterniﬂora subjected to Cd
stress was conducted. Seedlings were cultivated in the presence of 1 or 3 mM Cd alone, or combined with
NaCl (50 or 100 mM). The results showed that NaCl magniﬁed the phytotoxicity of moderate Cd stress (1 mM
Cd) on plants due to reduced levels of plant biomass, plant height, and chlorophyll a+b, while no synergistic ef-
fectswere recorded under severe Cd stress (3 mMCd). Proline and Ca2+ accumulated alongwith additional NaCl
under moderate Cd stress, instead of reduced or unchanged levels under severe Cd stress owing to different
adoption strategies caused by NaCl under different Cd stresses. NaCl reduced the oxidative stress in Cd-treated
plants through increasing levels of antioxidative enzymes (catalase (CAT) and peroxidase (POD)) under moder-
ate Cd stress. With NaCl addition, Cd2+ contents in S. alterniﬂora increased and reduced under moderate and se-
vere Cd stress, respectively. However, total Cd2+ amounts increased with increasing NaCl concentration due to
biological dilution. NaCl improved the increase of Cd2+ translocation factor (TF) under moderate Cd stress,
indicating that NaCl might improve Cd2+ uptake and translocation from roots to shoots, and enhance the
phytoextraction of S. alterniﬂora on Cd; while phytostabilization of Cd under severe Cd stress may be pos-
sible due to the reduced TF. Thus, NaCl alleviated phytotoxicity caused by Cd stress through improved man-
agement of osmotic solutes and oxidative status, and affected Cd accumulations in S. alterniﬂora differently
under moderate and severe Cd stresses.
© 2013 SAAB. Published by Elsevier B.V. All rights reserved.1. Introduction
With continuous anthropogenic activities including urbaniza-
tion, industrialization, and utilization of pesticides and fertilizers,
undesirable heavy metals have been discharged directly into rivers
or lakes, leading to the pollution of estuary salt marshes in the last
few decades (Defew et al., 2005; Han et al., 2012a). The deposited
heavy metals may greatly impair plant growth and development,
and ﬁnally will be especially risky to animal and human health, due to
their accumulation through food chains (Zhou and Song, 2004). In
China, many saline depressions in the eastern coastal region often con-
stitute sites of accumulation of industrial efﬂuents contaminated by
heavy metals because of rapid industrial development and excessive
use of fertilizers, etc. (Shi et al., 2009; Han et al., 2012a). As awidespread
pollutant, heavymetal Cd not only interfereswith a number ofmetabol-
ic processes in plants such as photosynthesis, respiration, or nutritional
status (Prasad, 1995; Sandalio et al., 2001), but also causes oxidative86 755 26032078.
86 22 23502477.
ili@pkusz.edu.cn (R.L. Li).
d by Elsevier B.V. All rights reservedstress by inducing generation of reactive oxygen species, as well as dis-
turbances in the antioxidative systems for the detoxiﬁcation of reactive
oxygen species (ROS) (Rodríguez-Serrano et al., 2006; Zhang et al.,
2010). Furthermore, Cd poses a potential hazard to human health by
entering the food chains, causing severe illness such as Itai-itai disease
in Japan (Inaba et al., 2005).
Phytoremediation is an environmentally friendly and relatively
cheap technique for removal of pollutants from soils compared with
other physicochemical techniques (Schwitzguèbel et al., 2009). Howev-
er, many plants used for heavy metal pollution were glycophytes, such
as Thlaspi caerulescens (Milner and Kochian, 2008) and Brassica juncea
(John et al., 2009), not suitable in phytoremediation of heavy metals
from brackish portions of coastal tidal marshes. Halophytes, different
from glycophytes, not only display speciﬁc adaptations in terms of oxi-
dative status in response to osmotic and ionic constrains caused by sa-
linity (Flowers and Colmer, 2008; Ellouzi et al., 2011), but also possess
various physiological adaptations in copingwith ion toxicity, being use-
ful for phytomanagement of heavy metal polluted salt marshes (Ruan
et al., 2010; Manousaki and Kalogerakis, 2011). Salinity alleviated phy-
totoxicity caused by Cd stress in halophytes Sesuvium portulacastrum
(Ghnaya et al., 2007) and Kosteletzkya virginica (Han et al., 2012a,b),.
Table 1
Experimental design of different Cd and NaCl treatments.
Treatments CdCl2 concentration
(mM)
NaCl concentration
(mM)
Cd0Na0 0 0
Cd1Na0 1 0
Cd2Na0 3 0
Cd1Na1 1 50
Cd1Na2 1 100
Cd2Na1 3 50
Cd2Na2 3 100
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cluding wheat (Shaﬁ et al., 2010) and cole (Raziuddin et al., 2011), etc.
There is evidence that salinity may function in the uptake and transloca-
tion of Cd from roots to shoots (Zurayk et al., 2001; Manousaki et al.,
2008). Though, Smolders et al. (1998) demonstrated that additional
NaCl increased twofold the contents of Cd2+ in different plant-tissues
of salt-tolerant plant Beta vulgaris, Lefèvre et al. (2009) reported that
NaCl reduced rather than increased Cd accumulation in the xero-
halophyte Atriplex halimus. Therefore, the effect of salinity on Cd accu-
mulation is plant-speciﬁc, which is, at least partly, related to that
soil salinity, especially the high content of chloride (Cl−) ligands,
could change Cd solubility and bioavailability (McLaughlin et al., 1994;
Gabrijel et al., 2009). Up to now, to the best of our knowledge, studies
for roles of NaCl on accumulation of heavymetals inwetland halophytes
were not recognized and investigated thoroughly.
Spartina alterniﬂora, a fast-growing perennial halophyte species, is
native to the Atlantic and Gulf coast of North America, and spreading
into many other countries for its powerful reproductive capacity and
adaptation to complex abiotic stresses, such as salinity (Ma et al., 2011),
waterlogging (Gu and Zhang, 2009), and heavy metals (Chai et al.,
2012; Salla et al., 2011), etc. S. alterniﬂora is a promising halophyte
and can be widely used for fodder, sewage treatment, bioactive ma-
terial and heavy metal adsorbent (Cheng et al., 2007; Liu and Tian,
2002; Shen et al., 2008; Li and Wang, 2009). Since its ﬁrst introduc-
tion into China, S. alterniﬂora has become established in coastal wet-
land from Beihai of Guangxi Province in southern China to Haihe
estuary of Tianjin in northern China (Yuan and Shi, 2009). Recently,
this species has been reported to be potential in soil nutrient improve-
ment (Zhang, 2007) and phytoremediation of heavy metal-polluted
wetland (Salla et al., 2011). Until now, the physiological characteristics
of S. alterniﬂora exposed to salinity have been well described (Hester
et al., 2001; Vasquez et al., 2006; Li et al., 2010; Ma et al., 2011). Plant
physiological responses and Cd accumulations in S. alterniﬂora under
Cd stress were also studied adequately (Li et al., 2009; Li et al., 2011;
Chai et al., 2012). However, no information concerning the responses
of S. alterniﬂora to NaCl under Cd stress has been fully studied. Though,
Mahon and Carman designed three salinity and six heavy metals to in-
vestigate heavymetal distribution in S. alterniﬂroa (Mahon and Carman,
2008), little information about degree of heavy metal stress and plant's
physiological responses were taken into account. Therefore, this work
studies the physiological responses and Cd accumulation of S. alterniﬂora
seedlings to Cd stress individually or in combination with NaCl. Parame-
ters of plant growth, osmotic solutes, antioxidative enzymes, and Cd ac-
cumulation in S. alterniﬂorawere investigated, separately.
2. Material and methods
2.1. Plant material and growth conditions
In June, 2011, new emerged culms of S. alterniﬂora were collect-
ed from the seashore (39°03′N, 117°45′E) in Tianjin, China, where
S. alterniﬂora has occupied the naked muddy beach and formed dense
vegetative colonies. Uniform seedlings (10 cmheight)were transplanted
into plastic pots (18 cm diameter×15 cm depth) ﬁlled with 600 g dry
and clean vermiculite for 10 days in order to minimize the inﬂuences of
various stress factors in its natural habitat. To simulate the salinity and
Cd pollution in natural habitat of S. alterniﬂora, NaCl and CdCl2 were
selected and added to the corresponding pots to create 7 treatments
(Table 1): Control plantswere cultivated on normal Hoagland's nutrient
solution (Shi et al., 1998) without CdCl2 and NaCl, while experimental
groups include two individual Cd treatments, 1 and 3 mMCdCl2 (mod-
erate and severe Cd stresses) and four treatments combining CdCl2 (1 or
3 mM) and NaCl (50 or 100 mM). Each of seven treatments had twelve
sample seedlings, with one seedling per pot. All the pots were placed
outdoors (day temperature 22–28 °C, night temperature 16–22 °C)
and protected from the rain. Seedlings were carefully irrigated with100 ml Hoagland's nutrient solution every 4 days. In order to ensure
the constant concentrations of Cd and NaCl, all the pots were weighed
to the same weight through adding distilled water daily, with water
level not lower than the vermiculite surface. Three months later, plants
were collected and analyzed.
2.2. Determinations
All plants were harvested carefully after 90 days of stress treat-
ments. Plant height was measured. Shoots and roots were separated
and rinsed with distilled water fully, followed by proper blotting
with ﬁlter papers. During the time period from 8:00 to 11:00 in the
morning, contents of chlorophyll a+b, proline, soluble sugar, and ac-
tivities of antioxidant enzymes in fresh leaves were measured.
2.2.1. Assays of chlorophyll a+b, proline, and soluble sugar
Leaf chlorophyll a+b content was determined according to the
method described by Hao et al. (2004). The contents of proline and
soluble sugar were determined using the methods of ninhydrin color-
imetry (Bates et al., 1973) and phenol-sulfuric acid (Dubois et al.,
1956), respectively.
2.2.2. Assays of antioxidant enzymes
The fresh leaves from each treatment were homogenized in a
pestle and mortar with 0.05 M sodium phosphate buffer (pH 7.5).
The homogenate was centrifuged at 10,000 r/min for 20 min and
the supernatant was used for analyzing superoxide dismutase (SOD),
catalase (CAT), and peroxidase (POD). SOD activity was measured as
described by Beyer and Fridovich (1987). CAT activity was determined
by the method of Clairborne (1985). POD activity was assayed as
reported by Chance and Maehly (1955).
2.2.3. Cation assay
On the same day of plant harvest, shoots and roots were separate-
ly dried at 105 °C for 30 min and then at 70 °C until a constant weight
was reached. Desiccated samples were ground to ﬁne power, and
then digested with HNO3/HClO4 (10:1 v/v). Contents of Cd2+, Na+,
K+, and Ca2+ were determined by atomic absorption spectropho-
tometer (Z-6100; Hitachi, Japan).
Total Cd2+ accumulations were then derived from the Cd2+ con-
tents in shoots and roots as described above and the partitioned dry
weights for shoots and roots. The translocation factor (TF) is deﬁned
as the ratio of metal concentration in shoots to that in roots, which
is used to measure the effectiveness of a plant in transporting heavy
metal from roots to shoots (Stoltz and Greger, 2002).
2.3. Statistical analysis
Each treatmentwas replicated 3 times for statistical validity. All data
was expressed as means±S.E. Analysis of variance was performed for
all data sets. Tukey's HSD tests were performed to determine if the dif-
ferences between individual treatments were signiﬁcant (Pb0.05).
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3.1. Plant growth
Cd in combination with NaCl caused death of most plants in
3 mM Cd+100 mM NaCl treatment at the end of the experiments.
Therefore, the physiological data was obtained from survivor plants
in the remaining 6 treatments. In Fig. 1, levels of shoot biomass, root
biomass, plant height, and chlorophyll a+b were all severely re-
duced under 1 or 3 mM Cd stress alone compared to control (Pb0.05).
Furthermore, these parameters reduced signiﬁcantly in 1 mM Cd+
100 mMNaCl treatment, compared to plants treated by 1 mM Cd stress
alone (Pb0.05), while unchanged or slightly increased trends were
recorded with NaCl addition under 3 mM Cd stress.
3.2. Organic and inorganic osmotic solutes
In Fig. 2A and B, contents of proline and soluble sugar increased in the
presence of 1 or 3 mM Cd stress alone compared to control (Pb0.05).
NaCl sharply enhanced the production of proline and soluble sugar
under 1 mM Cd stress (Pb0.05). In contrast, unchanged or slightly de-
clining trends were observed after NaCl addition under 3 mM Cd stress.
Therewas no obvious change of Na+ content subjected to Cd and/or
NaCl (Fig. 2C). In Fig. 2D, NaCl enhanced K+ contents regardless of the
level of Cd stress (Pb0.05). Fig. 2E showed that Na+/K+ ratioswere sig-
niﬁcantly reduced byNaCl under 1 and 3 mMCd stresses (Pb0.05). Fur-
thermore, Cd stress alone markedly increased Ca2+ contents (Pb0.05),
and NaCl dramatically increased Ca2+ contents under 1 mM Cd stress
(Pb0.05). In addition, no signiﬁcant changes of Ca2+ contents were ob-
served under 3 mM Cd stress (Fig. 2F).
3.3. Activities of SOD, CAT and POD
In Fig. 3, there were signiﬁcantly increased activities of SOD, CAT
and POD under 3 mM Cd stress alone compared to control (Pb0.05).c
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Fig. 1. Shoot biomass (A), root biomass (B), plant height (C), and content of chlorophyll a+
represent means±S.E. Values at each treatment group followed by different letters are sign
Cd2) as well as two levels of NaCl (50 mM, Na1; 100 mM, Na2). Cd0, 0 mM Cd; Na0, 0 mMHowever, such effects on activities of these antioxidant enzymes were
not recorded in the presence of 1 mM Cd stress alone, except SOD.
NaCl obviously reduced SOD activities regardless of the level of Cd
stress (Pb0.05). Under 1 mM Cd stress, activities of CAT and POD
were strongly improved with increasing NaCl concentration (Pb0.05),
while, reduced activities of CAT and POD with NaCl addition were
detected under 3 mM Cd stress (Pb0.05).
3.4. Cd accumulation
In different Cd and/or with NaCl treatments, Cd2+ accumulated
more in the roots than in the shoots (Fig. 4). For both shoots and
roots, NaCl increased and reduced Cd2+ contents under 1 and 3 mM
Cd (Pb0.05), respectively (Fig. 4A, B). Under 1 mM Cd, the total Cd
accumulation in shoots was unchanged, while increased signiﬁcantly
with additional NaCl in roots (Pb0.05) (Fig. 4C). Fig. 4D showed that
NaCl increased the amounts of Cd2+ under 3 mM Cd (Pb0.05). In ad-
dition, with increasing NaCl concentration, TFs of Cd2+ signiﬁcantly
increased and reduced under 1 and 3 mM Cd (Pb0.05), respectively
(Fig. 4E).
4. Discussion
Excess Cd2+ not only induces chlorosis and growth reduction of
shoots and roots, but also inhibits or stimulates activities of several
antioxidative enzymes before any visible symptom of toxicity appears
(Pál et al., 2006; Zhang et al., 2009). In the present study, chlorosis
started to appear on leaves after 30 days of Cd exposure and progressed
till the end of the treatment. Under moderate Cd stress (1 mM Cd),
shoot biomass, root biomass, plant height, and chlorophyll a+b content
were all reduced obviouslywith additional NaCl due to enhancement of
NaCl on CdCl2 stress (Fig. 1), in agreement with previous studies (Shaﬁ
et al., 2009; Raziuddin et al., 2011). However, under severe Cd stress
(3 mM Cd), unchanged or slight recovery trends indicated that NaCl
did not intensify phytotoxicity caused by Cd to a certain extent. Though,d
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100 mMNaCl (Ma et al., 2011), the intensiﬁed or unchanged phytotox-
icity occurred with NaCl addition under Cd stresses. The possible expla-
nation may be that NaCl-induced growth stimulation of S. alterniﬂora
and dilution effect may not function as combined with Cd2+, being dif-
ferent from those xero-halophyte plant species which are resistant to
drought, salt, and heavy metals (Lutts et al., 2004; Zaier et al., 2010).
Therefore, osmotic solutes, ion content, and antioxidant enzyme activi-
ties were investigated to verify whether or not NaCl could improve Cd
resistance in S. alterniﬂora not for any dilution effect related to growth
stimulation.
In order to deal with oxidative damages, some osmotic solutes in
plant species are accumulated and often regarded as a basic strategy
for protection and survival under various stresses (Parida and Das,
2005). Proline has been observed in plant species subjected to heavy
metal stress, being beneﬁcial for plants by three major actions, namely
metal binding, antioxidant defense, and signaling (Sharma and Dietz,
2006). In the present study, NaCl increased and reduced proline content
under moderate and severe Cd stresses (Fig. 2A), showing synergistic
and antagonistic effects of NaCl on phytotoxicity caused by Cd stress, re-
spectively. It was also noteworthy that NaCl obviously reduced soluble
sugar content under moderate Cd stress (Fig. 2B), which may be due
to the reason that some soluble sugar was used to synthesize proline
by providing carbon skeleton and power (Manuel and Reigosa, 2001).
However, the slightly reduced levels of soluble sugar under severe Cdstress may be related to the alleviated osmotic stress with NaCl addi-
tion. Thus, the mechanism of soluble sugar in halophytes' response to
NaCl under different Cd stresses may be varied and deserves further
investigation.
Previous studies have shown that Cd stress reduced shoot K+ con-
centration in halophytes, such as S. portulacastrum, Mesembryanthe-
mum crystallinum, and K. virginica (Ghnaya et al., 2005; Han et al.,
2012a). Our results showed that the signiﬁcant decrease of shoot K+
contents in Cd-treated plants suggested that Cd2+ impaired K+ nutri-
tion to a certain extent (Fig. 2D). Under both Cd stresses, increased K+
contents with NaCl addition indicated that NaCl ameliorated phytotox-
icity caused by Cd through increasing K+ content under Cd stresses,
being inconsistent with conclusions of Han et al. (2012a) who found
that NaCl reduced K+ contents in stems and leaves of K. virginica
under Cd stress. Thus, the mechanism of K+ in responses of plant to
NaCl under Cd stressmay be varied and deserves to be investigated fur-
ther. High Na+/K+ ratio indicates metabolic disorders such as a reduc-
tion of protein synthesis and enzyme activities (Brady et al., 1984), as
well as an increase in membrane permeability (Alam, 1999). Under
moderate and severe Cd stresses, NaCl reduced Na+/K+ ratio signiﬁ-
cantly, so as to recover protein synthesis and enzyme activities, and re-
duce membrane permeability (Li et al., 2010).
Ca2+ is involved in plant's response to various environment stresses
by increasing antioxidant enzyme activities and reducing lipid peroxi-
dation (Jiang and Huang, 2001). Under Cd stress, Cd2+ entered root
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system for Ca2+ uptake (Zhao et al., 2002). In the present study, Ca2+
rose up to the highest level in 1 mMCd+100 mMNaCl treatment, indi-
cating that the increased absorption of Ca2+ by NaCl may compete with
Cd2+ in absorption and uptake of plants, and take part in detoxiﬁcation
of Cd stress (Fig. 2F). Analogously, elevated Ca2+ content was reported
to alleviate the toxicity of Cd2+ in Arabidopsis (Suzuki et al., 2005). How-
ever, under severe Cd stress, the slightly decreased Ca2+ contents may
not be considered as a major cause of growth impairment since NaCl re-
duced Ca2+ content to a similar extentwithout showing any detrimental
effect on growth process (Ghanem et al., 2010; Han et al., 2012a).
Meanwhile, to reduce the oxidative damages, plant species possess
scavenging systems consisting in non-enzymatic antioxidants such as
glutathione (GSH), which acts as ROS scavenger by chelating metal
ions (Yadav, 2010) and counteracts the harmful effects of ROS, as well
as antioxidant enzymes, such as SOD, CAT, and POD (Qureshi et al.,
2007; Zhang et al., 2010). As the ﬁrst enzyme in detoxifying process
for ROS, SOD converts O2− radicals to H2O2 (Zhang et al., 2010). POD re-
duces H2O2 to water using various substrates as electron donors, and
CAT dismutates H2O2 into water and oxygen (Wang et al., 2009). Han
et al. (2012b) found that salinity affords efﬁcient protection against Cd
to the halophyte species K. virginica, in relation to an improvedmanage-
ment of oxidative stress and hormonal status. Furthermore, the com-
bined treatment of Cd and NaCl showed a synergistic negative effecton Triticum aestivum by improving activities of SOD, POD, and CAT
(Shaﬁ et al., 2009). Our data indicated that severe Cd stress alone in-
duced an oxidative stress as observed by the increased activities of SOD,
CAT, and POD (Fig. 3). Additional NaCl reduced SOD activity under mod-
erate and severe Cd stress (Fig. 3A), suggesting that NaCl restrained the
conversion of O2− radicals to H2O2. However, with increasing NaCl con-
centration, the activities of POD and CAT increased and reduced under
moderate and severe Cd stresses (Fig. 3B, C), corresponding to the im-
proved and inhibited scavenging processes of H2O2, respectively. Thus,
SOD functioned differently from CAT and POD in responding to NaCl
under moderate and severe Cd stresses, which should be investigated
further.
Though, S. alterniﬂora has changed the landscape and biodiversi-
ty in some coastal regions of China, this species has received greater
attention due to its buffering against storm tides, accelerating accre-
tion and reclamation, absorbing nutrients and digesting pollutants
(Wan et al., 2009). Previous studies have shown that S. alterniﬂora
could not only desalinate salt marsh, and clean eutrophic sewage
(Liu and Tian, 2002), but also restore coastal wetland polluted by
heavy metals (Mahon and Carman, 2008; Salla et al., 2011). Salt
has been considered to enhance the resistance of halophyte species
to abiotic stress, such as water-deﬁcit stress (Martínez et al., 2005)
and heavy metals, especially Cd stress (Zurayk et al., 2001; De la Rosa
et al., 2004; López-Chuken and Young, 2005). In the present study, NaCl
increased Cd2+ contents (μg g−1) in shoots and roots under moderate
Cd stress (Fig. 4A, B). Several explanations are possible: (1) increased
Cd2+ free ion activity through cation exchange with salt cation
(Bingham et al., 1984); (2) direct uptake of chloride complexes of
Cd2+, such as CdCl+ and CdCl2 (Smolders and McLaughlin, 1996);
(3) increase in Cd2+ free cation concentration in the soil pore water
reduced diffusion distances to root surfaces (Smolders et al., 1998).
Under severe Cd stress, NaCl reduced Cd2+ contents (μg g−1) in shoots
and roots, in agreement with previous studies (Manousaki et al., 2008,
2009). One possible hypothesis may be that a certain proportion of
Cd2+ was ﬁxed by root mucilage, which deserves further investigation.
In addition, the amounts of Cd2+ accumulated in shoots and roots
(μg plant−1) were enhanced by NaCl under severe Cd stress (Fig. 4C,
D), so reduced Cd2+ content in plants in combined treatment of Cd and
NaCl were essentially related to biological dilution of Cd2+ by growth
to some extent.
Salinity could not only affect bioavailability of heavy metals in soil
due to reduced soil metal sorption, but also the translocation of
metals from roots to the aerial parts of the plants (Fitzgerald et al.,
2003; Wahla and Kirkham, 2008). Han et al. (2012a) reported that sa-
linity reduced Cd2+ uptake and translocation from roots to shoots in
K. virginica, while Ghnaya et al. (2007) found that the translocation
factor of Cd2+ in S. portulacastrum increased signiﬁcantly with NaCl
addition. Our results showed that under moderate Cd stress, more
and more Cd2+ was translocated up into the shoots from roots with
increasing NaCl concentration (Fig. 4E), which may be attributed to
increased Cd2+ uptake and translocation of complexed forms CdCl+
and CdCl2; while Cd translocation factor were reduced under severe
Cd stress, guaranteeing conduction of various important metabolic
activities including photosynthesis in the aboveground parts. Over
all, the degree of Cd stress should be considered when evaluating S.
alterniﬂora's response to NaCl under Cd stress. The underlying reason
for the inconsistent Cd2+ metastatic ability in S. alterniﬂora under dif-
ferent Cd stresses remains elusive, which should be investigated
further.Acknowledgement
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Fig. 4. Cd2+ contents in shoots (A) and roots (B), total Cd2+ accumulation in shoots (C) and roots (D), and translocation factor (E) in Spartina alterniﬂora seedlings under different
Cd and NaCl treatments. Values represent means±S.E. Values at each treatment group followed by different letters are signiﬁcantly different (Pb0.05). Treatments consist of two
levels of Cd (1 mM, Cd1; 3 mM, Cd2) as well as two levels of NaCl (50 mM, Na1; 100 mM, Na2). Cd0, 0 mM Cd; Na0, 0 mM NaCl.
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